A highly sensitive humidity sensor was prepared by the coating of epoxy resin on a quartz crystal sensor surface. The probe was adapted to a ventilated chamber-type apparatus for the measurement of water evaporation from human surfaces. In the range from 0 to 50% relative humidity (RH), the relationship between RH and resonant frequency showed good linearity with high resolution, <0.1% RH. By alternation between standard air (10% RH) and humidified air (12.5, 22.5 32.5% RH), the time to reach steady state was determined to be less than 120 sec for both absorption and desorption processes. The frequency at the steady state was very stable.
Introduction
Skin possesses a barrier function that protects the body from desiccation. The effectiveness of the skin as a permeability barrier is determined by the rate of water evaporation from the surface. Two methods, one utilizing an evaporimeterl ' and the other a ventilated chamber2', have been used to measure the rate of evaporation. The evaporimeter measures the gradient of water vapor pressure close to the skin surface and depends upon two hygrometers at fixed points perpendicular to the surface in the zone of diffusion.
In contrast, the ventilated chamber method determines the rate of water evaporation based upon the difference in vapor pressure between outlet and inlet gases that pass continuously through the measuring chamber at a predetermined flow rate.
The AT-cut quartz crystal microbalance (QCM) has high sensitivity to mass changes on the surface. Therefore, if the coating film formed on the surface of the quartz crystal has reasonable adsorption-desorption properties, the concentration of water vapor can be easily measured by detecting a shift in resonant frequency.
Various coatings have been investigated to develop a humidity sensor by application of QCM technology. In 1964, King demonstrated that a coated quartz crystal could be used as a sorption detector for water using silica gel, molecular sieves, alumina and hygroscopic polymers3''4'. In recent years, many coating materials, including fluorides and oxides5', ethylene glycol6', gelatin", and others8'~l" have been studied. Desirable properties of the coating material are high sensitivity with a linear response over a wide humidity range, short response time, high stability and simple coating method.
With the ventilated chamber method for determination of evaporation rates, dry air or N2 gas is used as a carrier gas ; therefore, it is important to develop a humidity sensor with the properties described above, particularly in the low relative humidity (RH) range. Epoxy resin is a readily available and inexpensive material that has high sensitivity with a linear response over a wide humidity range9~ "0~ . It adheres to substrate firmly and the coating method is simple. Moreover, it has superior thermal stability and mechanical strength and good stability to chemicals.
For these reasons, epoxy resin was selected out of several good commercially available water sorbents and was evaluated as a coating material for quartz crystal humidity sensor in the low RH range.
For this study we developed a ventilated chamber system that utilizes epoxy-coated quartz crystal technology for the rapid and high precision measurement of water evaporation rates from the skin. Because the rate of water evaporation from skin is very small, approximately 5-30 g/m2 • hr, the new system was designed to detect small changes in short time periods. The appara-
and clinic. Additionally, we adapted our system to measure the rate of water evaporation from the preocular tear film that covers the surface of the eye. The tear film is particularly important because the moist surface of the eye is exposed to the atmosphere, and high evaporation rates are associated with dry eye syndromes18'. Thus it is important to develop methods for assessing the rate of evaporation from both healthy and diseased eyes.
2. Exprimental 2. 1 Quartz crystal sensor A 9 MHz AT-cut quartz crystal with 8 mm diameter and 0.2 mm thickness was used in this study. The sensor surface was coated with epoxy resin by dip coating. The resin was prepared as a 10% acetone solution (by  weight) and mixed with an equal volume of 10% polyamide resin hardener (Araldite® rapid, Ciba-Geigy Co., Switzerland) in acetone to form the dip coating. Polymerization was carried out at room temperature for 24 h. Unreacted components on the coating were removed by a 1 min wash in acetone.
If the mass of the epoxy coating applied to the quartz crystal does not exceed 2% of the mass of the crystal alone, then the mass of the coating can be considered to be the same as the mass of an equivalent thickness of quartz (Sauerbrey equation)19'. When a uniform layer of a foreign material, such as water vapor molecules, is deposited on the epoxy-coated quartz surface, the change of output frequency is described by the following , it is assumed that those properties are not changed by water vapor deposition on the film because the adsorbed amount is very small.
2 Apparatus set-up and measurements
The experimental set-up of the apparatus includes a gas-introductory path attached at the sidewall portion of the main body ( Figure 1 ) . An inlet gas, the water content of which is predetermined, is fed to the skin surface through the path. A slide-plate type shutter is located close to the bottom of chamber and can be opened to expose the skin to the carrier gas. The resonant frequency of the quartz crystal is measured by a frequency counter (Model 53132 A, Agilent Technologies Inc., California, USA) every 0.5 sec and the data are collected and processed by a personal computer.
For the evaluation of the resonant frequency dependence on humidity, experiments were conducted in a constant temperature room. The RH of the inlet gas was adjusted using mass flow meters (Model 3660, Kofloc Inc., Tokyo, Japan) to mix humidified and dry gases in appropriate ratios ( Figure 2 ) . The flow rate was set at 250 ml/min. The RH and temperature of the mixture 
Measurements of water evaporation rates from skin and ocular surfaces were carried out in a room at 20°C, 40% RH, and a flow rate of 250 ml/min for the dry air carrier gas. For skin evaporation rates, the measuring area was 3.2 cm`. For ocular surface evaporation rates, the probe was fitted to a goggle with a measuring area of 13.8 cm2 and placed over the eye to achieve stable readings.
The difference in relative humidity between the outlet and inlet gas, AH (%), was determined by the quartz crystal humidity sensor, and the rates of water evaporation from skin, J (g/m'•hr), were calculated using the following equation (2) where A is the measuring area (m2), p is the water content (g/m") of the air having 100% RH at a given temperature, and V is the gas flow rate (m3/hr). The change in resonant frequency for this sample was about 50000 Hz. If the density of the resin is taken as 1 g/cm", then the average thickness of Hysteresis behavior of frequency after exposure to the humidified air up to 70% at 20°C.
Film thickness, 1.5 um. The
2 Sensor sensitivity
The relationship between RH and resonant frequency of the epoxy resin coated sensor is shown in Figure 4 . With increasing RH, the resonant frequency steeply decreased above 50% RH, and hysteresis between ascending and descending curves was observed. Film thickness influences the relationship between frequency shifts and RH ( Figure 5 ) . The film thicknesses of the samples calculated with equation (1) were 1.5, 1.2 and 0.4 ,um per side, respectively. As the thickness of epoxy resin coating increased, so did the sensor sensitivity. These results indicated that not only adsorption to the surface but also absorption in the coating occurred. Therefore, it is likely that the water molecules within the coating could not be desorbed within our measuring time and contributed to the hysteresis observed. At 20°C, the relationship between RH and resonant frequency was linear from 0 to 50% RH, and hysteresis was not observed (Figure 6 ). The slope of the regression line is defined as sensor constant k (Hz), having the value with its 95°o confidence interval of -14.4±0.6 (n =12) . This means that the resolution of the sensor is less than 0.1% RH using a frequency counter with a resolution of 1 Hz. The difference in relative humidity between outlet and inlet gases is given as follows : (3) where LF is the shift of frequency (Hz) from that of the reference RH. Then, equation (2) becomes (4) 3. 3 Response characteristic Figure 7 shows the responsiveness of quartz crystal humidity sensor to repeated humidity changes. Reference air (10% RH) was replaced by humidified air (12.5, 22 32.5% RH) at 120 sec intervals. The frequency rapidly increased and decreased, returning to initial values, after each exposure. During the repeated humidity jumps, the time to reach steady state was confirmed to be less than 120 sec for both adsorption and desorption processes.
The frequency at the steady state remained very stable.
3. 4 Influence of temperature on the sensitivity In the range from 0 to 50% RH, the relationship between the absolute humidity and the resonant frequency of quartz crystal was almost linear from 15 to 30°C (Figure 8 ) . The absolute slopes of the regression lines gradually decreased as the measuring temperature increased. Therefore, this humidity sensor has sufficient sensitivity to the absolute humidity when the temperature is controlled within these ranges. (Figure 9 ), and the time for returning to the baseline after closing the shutter was also very quick. This responsiveness was sufficient to rapidly measure water evaporation rates, an operational feature that will enable its practical use. The rates of water evaporation (mean ± standard deviation) from the forearm, cheek and palm were 10.7±0.5, 35.0±1.3, and 40.2±1.6 g/m2•hr, respectively (n=10 for each site). These values and the differences between them are very reasonable and consistent with other studies22), 23) As described above, the probe was adapted to a goggle that fit snugly around the skin of the eye. After achieving steady state, changes in RH were detected that coincided with blinks of the eye at 5 sec intervals ( Figure 10 ) . Therefore, this system has enough sensitivity to evaluate dynamic changes of water evaporation rates from the ocular surface. Based upon the recorded frequency shifts, the calculated rate of water evaporation (mean±standard deviation) was 299±4 (g/m2•hr).
Conclusions
A highly sensitive humidity sensor was prepared by coating of epoxy resin on an AT-cut quartz crystal surface. In the range from 0 to 50% RH, the sensor has excellent properties of linearity of resonant frequency, high resolution (<-0.1% RH), and short time response. Utilizing this technology, a new ventilated chamber type apparatus has been developed to measure the rate of water evaporation from human surfaces. The values of water evaporation rates for forearm, cheek, palm of hand and ocular surface were consistent with previously reported values. Furthermore, at steady state, sensor frequency shifts coinciding with ocular blinks were easily detected. Therefore, this system with an epoxycoated quartz crystal sensor is very useful in measuring water evaporation rates and also in evaluating dynamic changes in rates. Because of its high performance and ease of operation, this system will have applications in clinical use and in the development of cosmetic products.
( Oscillations coincide with blinks every 5 sec. Relative humidity of the carrier gas was 10±1%. Film thickness, 1.5,um.
